Abstract: Soil structure fundamentally determines the hydrodynamic characteristics of the saturated-unsaturated zone, solute transport characteristics, and thermodynamic properties of the soil. Additionally, it regulates the process of transfer and conversion of matter and energy in the saturated-unsaturated zone. However, the quantification of soil structure is difficult because it depends on a combination of factors including soil particle sizes and types and spatial distribution of pores. In this study, the structural characteristics of the vadose zone are examined based on self-similarity in the soil and the fractal theory of non-linear science. This approach describes the soil particle sizes and spatial distribution of pores in the interior layers of the soil. The study area stretches across 165 km of the piedmont-plains of the Taihang Mountains. The particle sizes and volume percentages of particle sizes in 57 soil samples were measured using the Mastersizer 2000 laser diffraction particle size analyser (Malvern Instruments, UK). This information is then combined with the volume-based fractal dimension (D), calculated using the fractal theory, of the various samples. The results obtained indicate that: (i) the fractal theory can be used to effectively identify the characteristics of three-dimensional structural changes within the soil profiles. The average soil particle size decreases from the piedmont of the Taihang Mountains towards the plains. Similarly, the volume percentage of particle size and the maximum volume percentage of a single particle size decreases. Moreover, the D values show an overall declining trend; (ii) the D values of the soils of the piedmont-plains of the Taihang Mountains show significant spatial variations in the range of 1.037-1.925. Although there is no correlation between the D value and soil particle size, the D value is very sensitive to the soil structure uniformity. The higher the uniformity, the greater is the D value; and (iii) D values cannot be used as the sole basis for determining the soil hydraulic properties. The D values and soil hydraulic properties are correlated only for a particular range of soil particle sizes.
Soil structure determines the fundamental nature of the vadose zone (Botula et al. 2013) , which is jointly characterised by soil particle sizes and types and the spatial distribution of particle sizes (Gargiulo et al. 2014 ). Generally, traditional particle analysis methods (such as screening or specific gravity methods) are used to determine the soil particle-size distribution (PSD). These methods are not only time-consuming and laborious, but also they are unable to describe the soil structure fully (the spatial distribution of different particle sizes cannot be quantified).
Since the soil properties of the North China Plain change drastically, it is practically impossible to carry out large-scale testing and analyses of soil particles. This is especially the case of the piedmont−plains of the Taihang Mountains, which have a thick vadose zone, thereby resulting in an extremely complicated soil structure of shallow aquifers (He et al. 2013) .
https://doi.org/10.17221/87/2018-SWR Groundwater recharge in this region is highly nonlinear, which hinders quantitative studies of the transport mechanism of moisture and solutes and thermal vapours in groundwater. Hence, a more scientific method for the quantification of the distribution of soil particle sizes must be developed (Gao et al. 2014 ). This will allow a thorough understanding of the structure of the vadose zone and the laws governing the transfer and conversion of matter and energy in a thick vadose zone.
The fractal theory is an important component of non-linear science that can be used to examine strictly or statistically self-similar phenomena at the global and local scales. No specific scale is imposed on the study subject and either recursive or iterative algorithms can be used for calculations. This theory has been widely applied to the study of particle size characteristics of soil (Yu et al. 2017) . The fractal dimension of the soil particle size distribution characterises the composition of soil particle sizes and reflects soil structural characteristics including the degree of uniformity, arrangement of particles, and combination of different textures (Chandra et al. 2011; Hu et al. 2011) .
The detailed soil structure hidden within a chaotic phenomenon can be clearly observed through the application of the fractal theory and identification of self-similarity within the interior of the soil (Sedaghat et al. 2016) . When the fractal theory is used for quantitative studies of soil particle-size distribution, new approaches to studying the physicochemical properties (Ghanbarian & Daigle 2015) and hydrodynamic characteristics of regional soil can be identified (Ahmadi et al. 2011) . Hence, this study aims to directly quantify the soil structure through calculating a volume-based fractal dimension by means of fractal theory. The study area stretches across 165 km of the piedmon-plains of the Taihang Mountains. Particle sizes and volume percentages of particle sizes in 57 soil samples were measured using the Mastersizer 2000 laser diffraction particle size analyser (Malvern Instruments, UK).
MATERIAL AND METHODS
Overview of the study area. The study area is mainly located in the Daqing River basin (DRB) as shown in Figure 1 . The Daqing River is formed by the confluence of the Baigou and the South Juma River in the town of Baigou. Its main tributaries are the Pu, Cao, Fu, Tang, and Zhulong Rivers, all of which flow into the Baiyang Lake. The DRB has the typical climatic conditions and topographic features of the North China Plain. The piedmont alluvial fan system and the central palaeochannel tributary system comprise the piedmont−plains of the DRB. The main features of the shallow aquifers in this region include thick vadose zones and significant spatial variabilities in the soil structure. Five typical soil profiles in the study area were selected. The two piedmont profiles were from Shijiazhuang City and Luancheng District, both located at the DRB's southern edge. The three plains profiles were from Wangdu County, Laohetou Town, and Baiyang Lake, which are typical river confluence zones of the DRB.
Experimental setup and testing methods. The soil layers to be sampled were determined based on the results of previous studies (He et al. 2013) . Subsequently, the sampling points in the piedmont and plains were identified based on past analytical data of the lithology and soil particles of the respective areas (Min et al. 2015) . Five typical soil profiles were selected in the work. And all the five profiles were bare soil. The vadose zones of the Shijiazhuang and Luancheng profiles, which are both typical piedmont profiles, were thick, with the groundwater table located at depths of 28-45 m. In total, 38 samples were extracted from the 0.3-24.6 m layer of both these (Table 1) . Wangdu, Laohetou, and Baiyang Lake are located at the confluence zones of the DRB. These three profiles show significant lithological differences and are typical plains profiles, with the groundwater table located at depths of 1.2-1.6 m. A total of 19 samples were collected from the 0.4-1.6 m layer of these three profiles. According to soil taxonomy (International soil grading standards), the basic soil types of the five typical soil profiles are listed in Figure 2 . The horizontal distances, from west to east, between the Luancheng, Wangdu, Laohetou, and Baiyang Lake profiles and the Shijiazhuang profile were 15, 60, 133, and 165 km, respectively.
The Mastersizer 2000 laser diffraction particle size analyser (Malvern Instruments, U.K.) was used to determine the volume percentage of particle sizes in 57 soil samples. The volume and cumulative volume percentages of 130 particle size ranges between 0 and 2000 μm were measured. The analytical results of the measured particle sizes were used to obtain the fractal dimension D of these 57 samples.
Calculation of fractal dimension. At the regional scale, the calculation of fractal dimension for soil particle sizes in the various layers is usually based on the fractal dimensional model for the distribution of particle sizes. This can be expressed as:
( 1) where: d i -diameter of soil particles, with i = 1, 2, 3, ..., n d max -maximum diameter of soil particles D -fractal dimension δ -particle-size variable of soil particles V(δ < d i ) -volume of soil for which the particle size is smaller than d i V 0 -volume of the soil sample (Peng et al. 2015) The first step for calculating the fractal dimension of a sample uses the measured particle sizes and their volume data to calculate: and The next step applies a linear least squares fitting method with: and as the vertical and horizontal coordinates, respectively. Subsequently, the slope of the fitted line is used to calculate fractal dimension D of the corresponding sample. , variabilities in particle sizes increase with depth. This could be related to the impact of human activities on the shallow soil layer. Generated from various agricultural activities, soil particle sizes tended to be uniform in the shallow soil layer (especially within a depth of 1 m). At depths of 0.5-1 m, the Min (d i /d max ) and Adv (d i /d max ) of the typical piedmont and plains profiles reached the respective maximum values.
Characteristics of particle size distribution in the piedmont-plains. The particle sizes in 38 samples from the piedmont profile ranged from 0.429 to 697.168 μm. The minimum particle size was found at a depth of 2.7 m in the Luancheng profile, while the maximum particle size occurred at a depth of 14.9 m in the Shijiazhuang profile. Among all the samples from this region, the maximum volume percentage of a single particle size was 15.15%, which corresponded to the particle size of 215.915 μm and the sample at a depth of 14.9 m in the Shijiazhuang profile.
The depths of the five profiles were normalised, meaning that the ratios between the various depths and the total profile depth were used as the Y-coordinates for the distribution map of the samples. Additionally, the horizontal distances between each profile and the Shijiazhuang profile as stated in experimental setup and testing methods were normalised; the ratios between the various distances and 165 km were used as the X-coordinates (the x-coordinates of the Shijiazhuang and Baiyang Lake profiles were 0 and 1, respectively). Subsequently, the coordinates were used to plot the distribution maps of the Min This means that the difference between the minimum and the maximum particle size gradually diminishes from the piedmont towards the plains. , the more significant will be the difference in particle sizes and the larger the Adv (d i /d max ), the more uniform will be the particle sizes. However, the phenomenon of Adv (d i /d max ) becoming larger as Min (d i /d max ) becomes smaller was also common. In the Shijiazhuang profile, for example, the Min (d i /d max ) was only 0.013 but the Adv (d i /d max ) was as high as 0.407 for the sample from a depth of 15 m. This illustrates that the degree of soil structure uniformity cannot be determined based solely on the minimum and average soil particle sizes.
An understanding of particle size distribution alone is insufficient to correctly identify the soil structure. The volume percentage of the different particle sizes must be ascertained and the degree of variabilities in particle sizes and the corresponding volume percentages must be extensively considered. Thus, quantitative studies of soil structure require the fractal dimensions of particle sizes.
Identifying soil structure using fractal dimension of PSD Sample LC17, located at a depth of 2.9 m in the Luancheng profile, was selected as a representative sample for the calculation of fractal dimension as described in calculation of fractal dimension. First, the soil particles in LC17 were subdivided according to the particle size intervals stated in experimental setup and testing methods. Based on the volume percentages of soil particles smaller than a certain size listed in Table 2 , LC17 contains 51 different particle sizes. This table also shows that the volume percentages of soil particles smaller than 3.118 and 282.981 μm accounted for 1% and 100% of the total volume, respectively. This means that all the particles in the LC17 soil sample were smaller than 282.981 μm. Figure 5 shows that the soil particle sizes in LC17 increased from 3.118 μm, leading to a gradual increase in the corresponding volume percentage. After attaining the peak value of 61.104 μm, the particle sizes were reduced rapidly. This sample from the piedmont region and sample BYL02 from the plains region were compared. The distribution of soil particle sizes in LC17 was concentrated within a smaller range (40-80 μm) and the peak was obvious. In contrast, the volume percentage of particle sizes in BYL02 continued to increase by two orders of magnitude after attaining the peak value. This difference is clearly shown by the two cumulative volume percentage curves in Figure 6 . The second step in the calculation of fractal dimension was to calculate: and the slope and correlation coefficient were determined to be 1.6899 and 0.8776 (Figure 7) , respectively. The D value of LC17 was then found to be 1.3101. Figure 6 . Volume and cumulative volume distributions of the representative soil particle sizes in the piedmont-plains: sample LC17 (a) and BYL02 (b) blue -volume distribution; red -cumulative volume distribution (Figure 8) , the vertical and horizontal directions of the five piedmont-plains profiles were normalised according to the methods explained in characteristics of particle size distribution in the piedmont-plains.
The fractal dimensions of soil volumes and particle sizes in the piedmont−plains of the Taihang Mountains were mainly in the range of 1-2 (Figure 7) . The minimum and maximum values were 1.039 and 1.925, respectively. The minimum value occurred at a depth of 15 m in the Shijiazhuang profile, while the maximum value occurred at a depth of 1.2 m in the Luancheng profile.
According to Figure 8 , spatial variability in D values was significant along the X direction from the piedmont towards the plains, exhibiting an overall increasing trend. The D value was smaller in the 0-0.1 interval along the X direction, with 1.2 being the average; this value was larger in the 0.2-0.35 and 0.92-1.0 intervals, with the average being 1.8. However, the D value decreased in the 0.7-0.8 interval along the X direction, which was not consistent with the general trend. This might be related to the shallower sampling depth (only 1.2 m) for the Laohetou profile. Therefore, samples for further testing must be extracted from soil layers with greater densities and at greater depths. The D values along the X direction of all the profiles were larger in the 0.3-1.0 interval. And the D values of the profiles decreased at a slow rate with depth. This phenomenon became more apparent with increasing proximity to the plains, representing the typical characteristics of the plains profiles.
Similarly, spatial variability in D values along the Y direction (from the ground surface downward) was also significant and presented an overall decreasing trend. The D value was larger in the 0-0.4 interval but declined rapidly in the 0.4-1.0 interval. The average D values for the two intervals were 1.65 and 1.35, respectively. The D value along the Y direction changed significantly in the 0-0.8 interval for the Shijiazhuang profile (0 on the X-coordinate in Figure 7) . The samples from this profile had the smallest D value among all the samples tested in this study, and it represents the typical characteristics of the piedmont profiles.
DISCUSSION

Relationship between particle size and D value.
Previous studies have accepted that the fractal dimension of soil pores is generally smaller than that of their volume and the fractal dimensions are distributed over a wide range. The fractal dimensions of soil volumes measured by various researchers ranged from 1.22 to 1.85 (Ozhovan et al. 1993; Peyton et al. 1994; Anderson et al. 1996; Gimenez et al. 1997) . The fractal dimensions of soil volumes measured by Peyton et al. (1994) for particle sizes in the range of 1000-10 000 μm were the smallest at (1996) for particle sizes in the range of 50-250 μm were the largest at 1.85. In this study, the range of particle sizes considered for the soil samples from the typical profiles of the piedmont−plains of the Taihang Mountains was 0.02-2 000 μm. The particle sizes of the samples were mostly in the range of 0.429-697.168 μm. To calculate the fractal dimensions of soil volumes, this range of particle sizes was converted to D values in the range of 1.037-1.925. Overall, the findings of this study were similar to those of previous studies, although the range of D values was wider. This might have resulted from the wide sampling range adopted, stretching 165 km from the piedmont of the Taihang Mountains to the plains. Consequently, there were high spatial variabilities in the D values, with the difference in values amounting to 0.888.
Among the 57 samples, the highest volume percentage of a single particle size was 15.15% (the corresponding particle size was 215.915 μm). Additionally, the D value of this particular sample was the smallest. However, it should be noted that a small D value does not imply that the particle size is large. A small D value implies that there was less uniformity in the distribution of particle sizes. This phenomenon is more likely to occur in coarse-grained soil samples, thus creating the false impression that "large particle sizes lead to small D values".
Relationship between D value and soil permeability. Particles in the piedmont soil were coarser and had poorer uniformity, leading to good permeability but poor water accumulation ability (He et al. 2013) . The D values were generally smaller than 1.5, although the D values of some sampling points were 1.8 or higher (for example, the D value of LC428 was 1.812).
Further analyses of the samples revealed that samples with coarse particles had a silty texture and good permeability. However, the distribution of particle sizes was more uniform, thereby leading to larger D values. Variabilities in the D values of the plains profiles were more substantial than those of the piedmont profiles, with the values being generally greater than 1.5. However, some exceptions were observed; the D values of BYD90 and BYD788 were only 1.311 and 1.375, respectively. In these cases, the particles were fine and the texture was clayey and non-uniform. The pores in the soil were filled with particles of various sizes, leading to poor permeability.
The aforementioned cases illustrate that a large D value does not necessarily indicate poor permeability; poor permeability can also be observed in soils with small D values. In soils where the particle size is large and uniformly distributed, the pores between the particles are relatively large. As such, permeability remains good even if the D value is large. Therefore, the relationship between the D value of an atypical soil and its hydraulic properties must be examined for different ranges of particle sizes. The task is to identify the range of particle sizes for which the corresponding D values can be used as indicators of soil permeability.
CONCLUSION
(i) The fractal theory was used to identify the soil structure of the piedmont-plains of the Taihang Mountains. A clear, accurate, and effective illustration of the characteristics of the three-dimensional structural changes in the soil profiles was obtained. The average particle sizes, volume percentages of particle sizes, and the maximum volume of a single particle size were reduced from the piedmont towards the plains. Additionally, the D values exhibited an overall diminishing trend.
(ii) There was no correlation between the D values and soil particle sizes. However, the D value is very sensitive to uniformity in the soil structure; the more uniform the soil, the larger is the D value. As such, soils with coarse particles but high uniformity can still have large D values.
(iii) The D value cannot be used as the sole basis for determining the hydraulic properties of soils. Soil particle sizes must also be considered simultaneously. The relationship between the D values and the soil hydraulic properties should be determined using a specific range of particle sizes. Further study is required to establish this specific range of particle sizes.
